Diagnostic strategies to detect contagious mastitis caused by Mycoplasma bovis, Staphylococcus aureus, and Streptococcus agalactiae in dairy herds during an outbreak have been minimally studied with regard to cost and diagnostic sensitivity. The objective of this cross-sectional study was to compare the cost-effectiveness of diagnostic strategies for identification of infected cows in two California dairy herds during contagious mastitis outbreaks.
Introduction
Mastitis is the most prevalent disease on dairies causing serious economic losses in dairy herds (Halasa et al., 2007) . In the U.S., the mean cost per clinical mastitis case caused by gram-positive, gram-negative bacteria, or other organisms such as Mycoplasma spp. has been estimated at US$133.73, US$211.03, and US$95.31, respectively, with majority of the cost attributed to treatment (Cha et al., 2011) . Another study showed that the total cost of mastitis in heifers based on a European dairy operation with 20 heifers calving per year was on average D626 per year at farm level, ranging between D85 (5th percentile) and D1657 (95th percentile) with most costs going to culling and production losses (Huijps et al., 2009) .
Mycoplasma bovis, Staphylococcus aureus, and Streptococcus agalactiae are contagious mastitis pathogens that may cause chronic mastitis. Mycoplasma mastitis has been reported worldwide in intensive dairy herd systems (Fox et al., 2005) . In the U.S., a difference in prevalence of Mycoplasma spp. was reported depending on herd sizes with 14.4% in large herds (500 or more cows), 4.2% in medium herds (100-499 cows), and 1.8% in small herds (fewer than 100 cows) (USDA APHIS, 2008) . Overall prevalence of Mycoplasma spp. in U.S. dairy herds was estimated at 3.2%. The prevalence was higher with 17.7% in the Western region, including California, compared to the Eastern region with 4.2% (USDA APHIS, 2008) . Staph. aureus can be frequently isolated from bulk tank milk (Olde Riekerink et al., 2008 . A 2007 bulk tank milk survey of U.S. dairies with herd size of 30 or more milking cows estimated 43.0% herd-level prevalence of Staph. aureus (USDA APHIS, 2008) . In addition, Strep. agalactiae may cause subclinical mastitis leading to substantial economic losses to dairy producers (Keefe, 1997) . Prevalence of Strep. agalactiae was estimated at 2.6% in major U.S. dairy states (USDA APHIS, 2008) .
Identification of cows infected with a contagious mastitis pathogen during an outbreak in large dairy herds can be challenging because of the economics of testing an entire herd or the decrease in sensitivity associated with the common practice of testing the bulk tank or milking pen samples followed by sampling individual cows in positive pens. For example, routine bulk tank milk culture is commonly used to screen dairy herds for mastitis caused by Mycoplasma spp. A positive bulk tank milk culture result may then be followed by culture of milk from pen samples with the aim of identifying the pen(s) housing infected cows. However, the sensitivity of such an approach is questionable on large dairies that often have more than 150 cows per pen. Furthermore, the techniques used to collect pen samples vary widely among farms. An example of milking pen sample collection that may not accurately represent the pen population includes sampling leftover milk in the receiving vat between pens which may only represent the last few cows milked in a pen. A more representative sample may be attained by collecting an inline drip sample from the milk line prior to the bulk tank. Milk is then sampled into a separate clean container for each pen. Sampling large pens (>200 cows) often times requires a second sub-sample to maintain collection of a manageable sample volume. Reduction in test sensitivity may also be expected with composite milk samples, samples collected from all 4 quarters of cows' udders and commonly used for whole herd tests, as compared to collection of individual quarter milk samples as in clinical mastitis cases.
Several reports describe the use of PCR to detect M. bovis (Ghadersohi et al., 1997; Hayman and Hirst, 2003) . Recently, a commercial quantitative real-time PCR (qPCR) kit capable of detecting the 3 contagious mastitis pathogens has been developed (PathoProof Mastitis, Thermo Fisher Scientific, Finland). In a study using 1000 milk samples from cows with mastitis, the sensitivity of the qPCR kit and conventional bacterial culture was estimated at 89% and 77%, respectively (Koskinen et al., 2010) . Although qPCR is becoming increasingly popular due to its high sensitivity and short turnaround time for results, it remains an expensive and complex assay compared to bacterial culture. Furthermore, qPCR is designed to identify genomic DNA instead of viable cells, and the clinical relevance of this difference awaits further evaluation regarding viable pathogens (Koskinen et al., 2010) . One testing laboratory offers qPCR testing for the 3 pathogens at US$19 for members or US$21 for non-members. In contrast, culture for Mycoplasma spp. in combination with enrichment broth inoculation costs approximately US$6, routine aerobic culture on blood agar costs US$5 and both cultures cost approximately US$6.50. Depending on the number of samples tested and with coordination with the testing laboratory, qPCR results may be available as soon as 1-2 days after submission. The turnaround time for bacterial culture is 48 h for Staph. aureus and Strep. agalactiae and 7 days for M. bovis (Oliver et al., 2004) . Hence, the rapid turnaround time for qPCR results makes it an attractive option for Mycoplasma spp. identification.
Testing pooled milk samples may be an alternative to testing bulk tank and pen milk samples by reducing the total number of samples tested and consequently reducing costs associated with sample collection labor, supplies and laboratory fees. The reduction in cost by testing pooled milk samples compared to individual samples is accompanied by a reduction in test sensitivity (Munoz-Zanzi et al., 2006) . However, testing pools of 5-100 samples can be expected to be more sensitive than testing pen samples which may commonly contain 100-250 cows on large California dairies. A balance between cost and sensitivity at which a herd is screened for a pathogen may be identified by offering a set of cost-effective alternative(s) to a whole herd culture test for surveillance during a mastitis outbreak. In addition, a more cost-effective approach to identifying cows with contagious mastitis in large dairy herds may minimize economic losses due to mastitis through early detection and control of transmission of the infection to the remaining healthy herd mates.
Thus far, the cost-effectiveness of the different pooling strategies to identify cows infected with contagious mastitis in large herds has not been described. Similar approaches have been reported in Johne's disease surveillance in large dairy herds (van Schaik et al., 2003; Aly et al., 2012) and may offer a more sensitive alternative to testing bulk tank or pen milk samples, and less costly alternative to a whole herd culture test.
Several diagnostic strategies are possible given the different combinations of qPCR and bacterial culture, and pool size options. An example of a diagnostic strategy is a series of qPCR and bacterial culture tests conducted on a series of pooled milk samples, in descending pool size. Similar diagnostic strategies were proposed for identification of Johne's infected cattle in large dairy herds (Aly et al., 2012) . In addition to the decrease in sensitivity, another drawback of testing pools nested within each other is the prolonged turnaround time from submission to results. Once individual samples are submitted, a testing laboratory would have to factor in time required to create pooled samples and the sum of the incubation periods for the different pooled samples as well as the individual cow samples identified in the final stage of a diagnostic strategy. A higher sensitivity may be achieved especially if qPCR is included in a diagnostic strategy compared to culture alone. Therefore, the optimum choice between such two competing strategies depends not only on the difference in cost but also on the difference in sensitivity to detect infected cows.
The objective of this cross-sectional study was to compare the cost-effectiveness of diagnostic strategies for identification of infected cows in two California dairy herds during contagious mastitis outbreaks. A second objective was to investigate the effect of prevalence and herd size on the cost-effectiveness of diagnostic strategies to identify mastitis cows in dairy herds.
Materials and methods

Study herds
The study was conducted on 2 herds. The first herd consisted of 2300 milking Holstein cows housed in 14 freestall pens located in Tulare County, California. The herd had a history of positive bulk tank samples for M. bovis. Soon after, the owner attempted to identify and cull the infected cows using qPCR testing of milking pen samples and culture of cows in qPCR positive pens. At the start of this study, 7 qPCR positive pens had been identified. Hence, the subset of cows included in this study consisted of 1210 cows (hereafter referred to as herd 1) in 7 pens (mean pen size [standard deviation (SD)] = 173 [94]), 2 of which were hospital pens (pen numbers 3 and 4).
The validation herd (hereafter referred to as herd 2) consisted of 351 milking Holstein cows also in Tulare County, and housed in 2 free-stall pens (mean pen size [SD] = 176 [0.7] ). Herd 2 offered a unique opportunity to screen for mastitis cows at the start of the outbreak compared to herd 1 in which initial pen screening and subsequent individual cow testing had been performed prior to start of the study. Both mycoplasma and aerobic bacteria cultures revealed that herd 2 was positive for all 3 contagious pathogens.
Sample collection
In November 2011, 1210 composite milk samples were collected from herd 1 cows housed in the 7 presumptively mycoplasma positive pens. Composite milk samples were collected aseptically, following the guidelines of the National Mastitis Council (Oliver et al., 2004 ) from all 1210 cows on a single day. Milk samples were labeled, serially numbered, and stored at 4 • C until delivery to a commercial laboratory that routinely served herd 1. The choice of composite milk samples was based on the herd's owner and veterinarian's choice and subsequently the decision was made by the authors to adopt composite samples for this study to allow for field application of the study findings. The choice of composite samples was further supported by the fact that it is a common practice for whole herd culture tests on large California dairies. Once milk samples were cultured for Mycoplasma spp. at the commercial laboratory, samples were immediately frozen until transported to the Dairy Epidemiology and the Milk Quality Laboratories (Veterinary Medicine Teaching and Research Center (VMTRC), Tulare, CA, USA) where they were aggregated into pools and cultured for the second time, respectively. Results of the culture were provided for the analysis reported herein and a comparison of the agreement between the two laboratories.
Herd 2 samples were collected in January, 2012 as part of the Dairy Production Medicine (VMTRC, Tulare, CA, USA) clinical program's investigation of a mastitis outbreak. Composite milk samples were aseptically collected and processed in the same fashion, then transported to the Dairy Epidemiology and the Milk Quality Laboratories.
Sample pooling
For herd 1, the 1210 composite milk samples were pooled to create pool sizes of 5, 10, 50, and 100 samples. The 5-sample pools were created from the 1210 samples into sterile conical tubes, resulting in a total of 242 pooled samples. To create 10-sample pools, aliquots were drawn from two consecutively numbered 5-sample pools, resulting in 121 pooled samples. In a similar fashion, 24 pooled samples with a pool size of 50, and 12 pooled samples with a pool size of 100 were prepared.
Step-wise preparation of pooled samples is summarized in Table 1 . Of the 121 pooled samples with a pool size of 10, the first 120 were used to create the 24 pooled samples with a pool size of 50. The 121st was excluded from the analysis. Finally, a repository of all milk samples was stored at −70 • C. Samples from herd 2 were pooled using the same protocol. Hence, a total of 70 samples with a pool size of 5, 35 samples with a pool size of 10, 7 samples with a pool size of 50 and 3 samples with a pool size of 100 were prepared from herd 2. All milk sample pooling was performed at the Dairy Epidemiology Laboratory. 
Direct culture
To detect Mycoplasma spp. in milk samples from herd 1, individual and pooled samples were directly cultured on modified Hayflick agar and incubated at 37 • C in 4% CO 2 for 7 days. Individual samples were plated on quarter plates. Similarly, pooled samples were plated on quarter plates but in duplicate to assess the reliability of the pooled sample preparation. All culture plates were evaluated by the same laboratory technician at 7 days after plating for evidence of growth. For herd 2, milk samples were plated directly on modified Hayflick agar and also after enrichment in mycoplasma specific broth. In addition, all individual and pooled milk samples were also cultured on quarter and duplicate quarter blood agar plates, respectively. Blood agar plates were incubated at 37 • C for 48 h and resulting colonies were identified by the same laboratory technician following NMC guidelines for identification of Staph. aureus and Strep. agalactiae colonies. Cohen's kappa statistic was computed to measure agreement between duplicate quarter plates for pooled samples as well as between the commercial laboratory and the Milk Quality Laboratory.
Digitonin assay
To discriminate between Acholeplasma spp. and Mycoplasma spp., digitonin disk inhibition test was performed according to the method previously described (Thurmond et al., 1989) . For herd 1, four culture-positive samples were randomly selected from each pool size and a total of 20 random samples were tested using the digitonin assay. For herd 2, only 2 individual samples cultured positive hence the two were tested using the digitonin disk inhibition test. Samples that had zone diameters larger than 5 mm were considered to be Mycoplasma spp.
Fluorescent antibody technique
Direct fluorescent-antibody staining was performed to speciate Mycoplasma spp. using individual culture positive samples in herd 1 according to the procedure previously described (Baas and Jasper, 1972) .
Biochemical tests
The presence of Strep. agalactiae was identified and confirmed using biochemical tests (API 20 Strep system, bioMerieux, Marcy l'Etoile, France).
Quantitative real-time PCR (qPCR)
Pooled milk samples of size 50 and 100 from herds 1 and 2 were shipped overnight frozen to Lancaster DHIA Laboratory (Manheim, PA, USA) for qPCR assay. QPCR testing of smaller size pools was not completed due to budget limitation. A commercially available multiplex qPCR kit (PathoProof Mastitis PCR Assay, Thermo Fisher Scientific, Espoo, Finland) was used to detect DNA from all 3 contagious pathogens with results reported as cycles-tothreshold (Ct) that were truncated at 37, the maximum number of cycles per run. Samples with Ct < 37 were considered to be positive for the respective contagious mastitis pathogen.
Diagnostic strategies
A diagnostic strategy was a combination of multiple testing stages of culture, qPCR, or both applied to pooled milk samples in descending pool size order, and ended with testing the individual composite milk samples that made up the final positive pooled samples identified. For example, a strategy may specify qPCR testing of 100-pooled samples, followed by 5-pooled samples and finally individual cow samples. In such case, qPCR is performed using 100-pooled samples. Subsequently, only the samples that constitute positive pools may be further tested by culture of pools of 5 samples. Finally, the samples that constitute positive pools of 5 are all tested by individual culture. Such a strategy will be denoted as 100P qPCR → 5P culture → IND culture (P = pooled sample, IND = individual sample). Once results from all testing stages were available, diagnostic strategies for M. bovis, Staph. aureus and Strep. agalactiae (Tables 2 and 3 , respectively) were evaluated and the number of positive cows identified per strategy recorded. The 11 strategies for M. bovis were designed to include a maximum of 2 culture stage(s) to avoid a long turnaround time for results. A total of 17 strategies were compared for each of Staph. aureus and Strep. agalactiae, while allowing for a maximum of 3 culture tests in a strategy due to the shorter turnaround time for aerobic culture. Culture was the final testing stage in all strategies because of its gold standard status and to confirm viable pathogen cells.
Prevalence of mastitis and sensitivities of diagnostic strategies
The prevalence of M. bovis, Staph. aureus or Strep. agalactiae was estimated using the individual culture results of each study herd. Sensitivity of a diagnostic strategy in a herd was calculated as the number of positive samples identified by a strategy divided by the total number of positive samples identified by individual culture tests.
Labor and supply costs
Labor costs for sample collection and pooling were based on non-veterinary labor. Specifically, labor costs were calculated for pre-and post-sample collection, including time spent (in h) collecting milk samples, ordering and organizing the necessary supplies, transport to and from the study herds, identification of cows, teat preparation for sample collection, data recording, sample processing and shipping, and sample pooling. Nonveterinary trained labor (e.g. office worker, veterinary technician or dairy employee) costs were estimated at US$12.50/h, including 25% cost-of-employment (benefits, insurance, etc.). Actual costs incurred for laboratory supplies were included when estimating a strategy's cost.
Samples were pooled in a hierarchical descending manner (100P, 50P, 10P, 5P followed by IND). Hence, the cost for non-hierarchically ordered strategies such as 100P qPCR → 5P culture → IND culture were estimated by extrapolation based on the costs incurred for hierarchical strategies. Shipping fees were excluded due to the variability of such cost by location of the dairy sampled and testing laboratories. The cost of milk cultures was fixed at US$6 per sample for M. bovis and US$5 per sample for aerobic culture for Staph. aureus or Strep. agalactiae based on charges by the Milk Quality Laboratory for routine submissions. The cost of qPCR testing for all 3 contagious pathogens was fixed at US$21 per sample based on the non-member fee charged by Lancaster DHIA Laboratory (Manheim, PA, USA).
Cost-effectiveness analysis
A separate analysis was performed for each herd and for each contagious pathogen identified within a herd. The effectiveness of a diagnostic strategy was determined by its a qPCR, quantitative real-time polymerase chain reaction, 5P, pooled sample with a pool size of 5, 10P, pooled sample with a pool size of 10, 50P, pooled sample with a pool size of 50, 100P, pooled sample with a pool size of 100. b,c Total number of positive samples identified and denominators for sensitivity estimation in non-stochastic analyses (Tables 5 and 6 ).
sensitivity. The mean cost of detecting a single infected cow varied by strategy and hence the mean cost-effectiveness ratio (MCER) was estimated for each diagnostic strategy (Petitti, 2000) . The MCER, which is the cost per infected cow identified, was employed rather than the conventional cost per unit sensitivity because of its easier interpretability. Subsequently, the incremental cost-effectiveness ratio (ICER) was calculated as a primary endpoint to determine whether a diagnostic strategy was cost-effective compared to the reference strategy. The reference strategy was a strategy that had the lowest MCER. Thus, the ICER was calculated as: (cost of reference strategy − cost of alternative strategy)/(sensitivity of reference strategy − sensitivity of alternative strategy). Finally, the diagnostic strategy with the lowest ICER was considered the most cost-effective alternative to the reference strategy. Hence, the ICER is an estimate of the cost per unit gain in sensitivity obtained by implementing an alternative strategy compared to the reference. A negative ICER indicated that its cost per positive cow identified was greater than the cost per positive cow identified by the reference strategy and hence the former was inferior to the latter.
In this analysis, we only focused on the strategies which showed higher sensitivities than the reference because we assumed that strategies that are more cost-effective but have lower sensitivities may not draw attention of veterinary clinicians or dairy owners.
Monte Carlo simulations
Stochastic models were implemented using Monte Carlo (MC) simulations (@Risk Software, Palisade, Newfield, NY) to account for variability in the sensitivity of a diagnostic strategy. A separate model was created for each combination of herd size (1000, 3000, or 6000) and mastitis prevalence (10%, 20%, or 30%) for each pathogen. Hence, a total of 9 different models were created for each pathogen (M. bovis, Staph. aureus, or Strep. agalactiae). Test sensitivity of a diagnostic strategy was estimated using a beta distribution with the parameters ˛ and ˇ. The parameters ˛ and ˇ, respectively, were calculated based on the number of successes (positive samples) and the number of failures (negative samples) observed for each diagnostic strategy in the deterministic model (Hoar et al., 2003) . The costs of each diagnostic strategy, including the cost of labor, assay and supplies remained identical to costs specified in the deterministic analysis. The reference strategy with the lowest MCER was identified. Among strategies with higher sensitivity than the reference strategy, the 3 most cost-effective alternative strategies were identified based on the ICER ranks of 10,000 iterations. Probability of each strategy being the most cost-effective alternative out of 10,000 iterations and its 95% confidence intervals were computed. Table 4 summarizes bacterial culture and qPCR results by pool size to detect M. bovis, Staph. aureus and Strep. agalactiae in the 2 study herds. Prevalence proportions were estimated using individual culture results as 2.8% (95% CI = 1.9, 3.7), 0.6% (95% CI = 0.0, 1.4), 3.4% (95% CI = 1.5, 5.3) and 16.8% (95% CI = 12.9, 20.7) for M. bovis (herd 1), M. bovis (herd 2), Staph. aureus (herd 2) and Strep. agalactiae (herd 2).
Results
Bacterial culture and qPCR
Cohen's kappa statistic for agreement between quarter and duplicate quarter plates ranged from 0.8 to 1.0 for culture results of pooled samples to identify M. bovis in herd 1 and Staph. aureus and Strep. agalactiae in herd 2, which can be interpreted as excellent agreement (Fleiss et al., 2003) . Agreement between the commercial and the research laboratory with respect to individual cow composite culture results for mycoplasma was good (Kappa value = 0.647) (Fleiss et al., 2003) .
Speciation of bacteria
Due to the budget limitations, 20 (58.8%) randomly selected mycoplasma positive samples out of the 34 identified from herd 1, and the 2 (100%) mycoplasma positive samples from herd 2 were tested by digitonin assay and confirmed as Mycoplasma spp. Fluorescent antibody technique identified M. bovis in 27 (>80%) of all 34 individual culture positive samples from herd 1. Mycoplasma did not grow in the remaining 7 samples possibly due to the repeated thawing of milk samples. Strep. agalactiae was identified in the randomly chosen 15 (>25%) of all 59 culture positive samples in herd 2 by API identification system.
Diagnostic strategies
Tables 5 and 6 summarize the number of cows eligible for testing, costs involved, and number of contagious mastitis cows identified by the strategies in herd 1 and 2. In herd 2, only 2 out of 351 samples tested positive for Mycoplasma spp. with individual culture, thus the summary of different strategies was not informative and was not further analyzed.
Cost-effectiveness analysis
Results of cost-effectiveness analysis are summarized in Table 7 . For identification of M. bovis cases, the reference strategy was strategy 2 (5P culture → IND culture) and the 3 most cost-effective alternative strategies to the reference were strategy 1 (a whole herd culture test), 3 (100P qPCR → IND culture) and 4 (50P qPCR → IND culture). For identification of Staph. aureus cases, the reference strategy was strategy 14 (100P culture → 5P culture → IND culture) and the 3 most cost-effective alternative strategies were strategy 1 (a whole herd culture test), 11 (100P culture → IND culture) and 4 (100P qPCR → IND culture). For identification of Strep. agalactiae cases, similar to M. bovis the reference strategy was strategy 2 (5P culture → IND culture) and the 3 most cost-effective alternative strategies were strategy 1 (a whole herd culture test), 12 (50P culture → IND culture) and 5 (50P qPCR → IND culture).
Monte Carlo simulations
The parameters ˛ and ˇ for beta distributions specified are summarized in Table 8 . The stochastic model using the same herd size and disease prevalence identified the same reference strategy and the 3 most cost-effective alternative strategies as those identified by the deterministic analysis for all 3 pathogens with one exception. The exception was for the third alternative to the reference strategy to identify M. bovis cases which was strategy 5 (100P qPCR → 50P qPCR → IND culture) in the stochastic model. The deterministic analysis had identified strategy 4 (50P qPCR → IND culture) as the third most cost-effective alternative.
Simulations using different herd size and prevalence showed that prevalence did not affect the ranking of strategies for any of the 3 pathogens; however, changes in herd size altered the rankings of the diagnostic strategies (Tables 9-11 ). Ranking of strategies for M. bovis Table   5 Costs (in U.S. dollars), a C, bacterial culture; qPCR, quantitative real-time polymerase chain reaction; IND, individual sample; 5P, pooled sample with a pool size of 5; 10P, pooled sample with a pool size of 10; 50P, pooled sample with a pool size of 50; 100P, pooled sample with a pool size of 100.
b Left side of slash is for Staphylococcus aureus and right side is for Streptococcus agalactiae. c Staphylococcus aureus mastitis cows identified by the strategy divided by the total number of Staphylococcus aureus mastitis cows in herd 2 (n = 12). d Streptococcus agalactiae mastitis cows identified by the strategy divided by the total number of Streptococcus agalactiae mastitis cows in herd 2 (n = 59). a C, bacterial culture; qPCR, quantitative real-time polymerase chain reaction; IND, Individual sample; 5P, pooled sample with a pool size of 5; 50P, pooled sample with a pool size of 50; 100P, pooled sample with a pool size of 100; MCER, mean cost-effectiveness ratio; ICER, incremental cost-effectiveness ratio; R, reference strategy that has the lowest MCER.
b The deterministic analysis ranked strategy 4 (50P (qPCR) → IND (C)), but the strategy selected by the stochastic model is presented here. c Probability calculated as the number of times each strategy was ranked as the most cost-effective alternative out of 10,000 iterations. identification in a herd of 1000 cows was identical between the stochastic and deterministic models. However, with herd sizes of 3000 or 6000 cows, strategy rankings changed such that strategy 6 (100P qPCR → 5P culture → IND culture) was the reference, strategy 3 (100P qPCR → IND culture) was the most cost-effective alternative followed by strategy 1 (IND culture). With respect to Staph. aureus, a simulation using a herd size of 1000 cows showed the same ranking as the deterministic model for the reference and the most costeffective. However, with herd size of 3000 or 6000, the reference was strategy 11 (100P culture → IND culture) and the most cost-effective alternative was strategy 1 (IND culture). Similarly for Strep. agalactiae, a simulation with a herd size of 1000 exhibited the same result as the deterministic model and simulations with a herd size of 3000 or 6000 showed that strategy 11 (100P culture → IND culture) as the reference, strategy 2 (5P culture → IND culture) was the most cost effective alternative and strategy 15 (50P culture → 5P culture → IND culture) was the second most cost-effective alternative.
Discussion
Diagnostic strategies considered in the present study successfully identified contagious mastitis cows with varying cost-effectiveness depending on the diagnostic test and number of milk samples in a pooled sample. The recent introduction of qPCR testing of milk samples can provide rapid identification of cows infected with contagious mastitis with high sensitivity. To address the costs incurred in surveying large dairy herds, diagnostic strategies were Table 9 Results of a stochastic model for diagnostic strategies a to identify Mycoplasma bovis mastitis ranked by cost-effectiveness under varying herd size and prevalence.
Herd size
Mycoplasma bovis prevalence 10% 20% 30% a Strategy 1: individual culture; strategy 2: 5P culture → individual culture; strategy 3: 100P qPCR → individual culture; strategy 5: 100P qPCR → 50P qPCR → individual culture; strategy 6: 100P qPCR → 5P culture → individual culture.
b CE, Cost-effective alternative. designed such that once a pooled milk sample tested positive with qPCR, culture of the constituent samples in a smaller pool size and/or individual samples was performed to identify infected cows. To maintain realistic cost estimates and because of the potential application in practice, we employed culture protocols, equipment and costs similar to what would be currently expected in private milk quality laboratories. Testing cows with clinical mastitis is commonly conducted by sampling the affected quarter(s). The study reported here does not relate to quarter-level mastitis pathogen identification. Instead, this study was based on composite milk samples. If individual quarter level samples were used, the difference would be in terms of higher sensitivity and increased cost. Specifically a higher sensitivity would have been expected for all estimates and higher total costs would have been incurred with a greater increase in costs related to qPCR than culture. The choice of composite sample was justified, however, by the fact that a four-fold cost of culture or qPCR would be unacceptable given large herd sizes. Also, composite samples are the current standard practice when surveying whole or subsets of large herds in California.
In surveying a large herd such as the current study herd 1 for M. bovis, our analysis indicated that the least cost per positive cow identified was attained by 5P culture → IND culture. This reference strategy achieved a sensitivity of 73.5% and cost US$129 per positive cow identified. Such a sensitivity estimate was based on the proportion of positive cows identified by the strategy among all the cows identified by individual cow composite milk culture results. Furthermore, an additional reduction in the actual sensitivity derives from the fact that the reference test used in this study was culture, which per se is an imperfect test. Among the remaining strategies to identify M. bovis that exhibited higher sensitivities than the reference, the most cost-effective alternative was shown to be strategy 1, a whole herd culture test, with cost of US$241 per positive cow identified. This gold standard strategy can have a higher sensitivity, but it is the most costly, too. The second and third alternatives (strategies 3 and 4, respectively) may have higher sensitivities than the reference because of the inclusion of qPCR. In practice, depending on a dairy manager's willingness to spend on mastitis testing, several options exist including the reference strategy and the costlier yet more sensitive strategies.
Exclusion of cows from herd 1 pens that initially tested negative may have resulted in a study population that is overly positive compared to including cows from negative pens. However, clinical cases were subsequently identified in qPCR negative pens, and the same qPCR negative pens tested positive later on. Thus, the samples used in this study are not necessarily representing only the mycoplasma positive pens in the dairy farm.
With respect to Staph. aureus, the reference strategy was strategy 14 (100P culture → 5P culture → IND culture) with a sensitivity of 58.3% and cost of US$137 per positive cow identified. The most cost-effective alternative to the reference was strategy 1, a whole herd culture test. With this strategy, the investigator may expect the highest possible sensitivity with cost of US$198 per positive cow identified. The second most cost-effective strategy was strategy 11 (100P culture → IND culture) with a sensitivity of 75% and cost of US$193 per positive cow identified. The third most cost-effective alternative to the reference was strategy 4 (100P qPCR → IND culture) with a sensitivity of 75%. Given the lower (58.3%) sensitivity of the reference strategy, dairy managers may be advised to select strategy 1, 11 or 4 depending on their budget. Furthermore, the cost difference between strategy 11 and 4 was minimal (US$48) indicating that at least for Staph. aureus testing, larger pools may reduce the cost difference between qPCR and culture yet result in comparable test sensitivity between qPCR and culture.
The reference strategy to identify Strep. agalactiae was 5P culture → IND culture (strategy 2) with a sensitivity of 96.6% and cost of US$36 per positive cow identified. The most cost-effective alternative to the reference strategy was also a whole herd culture test (strategy 1), similar to the remaining 2 contagious pathogens. With this strategy, the investigator may expect the highest possible sensitivity with cost of US$40 per positive cow identified. Hence, dairy managers may select either strategy 2 or 1 due to similar costs and sensitivities. Interestingly, the second and third most cost-effective alternatives to the reference strategy to identify Strep. agalactiae were strategies 12 (50P culture → IND culture) and 5 (50P qPCR → IND culture), both had 100% sensitivity. This may be explained by higher sensitivity of the qPCR assay and culture to identify Strep. agalactiae compared to their sensitivity to identify Staph. aureus.
The study findings indicated that veterinarians should opt for 2-stage culture strategy (5P culture → IND culture) if their goal is to identify M. bovis and Strep. agalactiae contagious mastitis cases with the least cost per case identified. Although, the strategy with the lowest cost per Staph. aureus case identified was 100P culture → 5P culture → IND culture, the strategy 5P culture → IND culture had an identical sensitivity with a difference in cost (US$959 versus US$1251, respectively). Hence for simplicity, an investigator may elect to conduct the same 2-stage culture strategy of 5P culture → IND culture for all contagious pathogens and expect 73.5%, 58.3% and 96.6% sensitivities for M. bovis, Staph. aureus and Strep. agalactiae, respectively.
Culture of individual cow composite milk samples was used as the gold standard test to estimate the sensitivity of any strategy. One of the limitations of using an imperfect test such as culture to classify individual samples as positive or negative is that such a strategy may offer the highest sensitivity for the purpose of the analysis yet may not detect all infected cows in a herd, leading to a possible reoccurrence of the disease in the long term. Thus, the trade-off between test sensitivity and cost, and the subsequent economic loss entailed due to undetected infections may be a key factor for dairy operations to decide what diagnostic strategy they should employ. Nevertheless, the options described here have the advantage of being ranked by cost-effectiveness hence aid the decision maker interested in pursuing diagnostic strategies other than a whole herd culture test. Furthermore, mastitis outbreak management usually involves repeated testing, daily hospital pen cultures and close monitoring of other healthy milking cows, all of which may be used to complement such pooling strategies.
Notably, findings of this study showed that the most cost-effective diagnostic strategy with higher sensitivity than the reference was a whole herd culture test regardless of the type of contagious pathogens. Furthermore, the reference strategies for 3 pathogens were all made up of multiple stages of culture, mainly due to the relatively lower testing costs of culture. However, there was a marked difference in the makeup of the second or third most cost-effective alternative strategies between M. bovis and other 2 pathogens. For M. bovis, the second and third most cost-effective alternatives to the reference strategy both included qPCR. Whereas, for Staph. aureus or Strep. agalactiae, the second most cost-effective alternatives strategies did not include qPCR. This implies that use of qPCR on pools of 50 and 100 may not greatly contribute to improve costeffectiveness to identify Staph. aureus or Strep. agalactiae cases under similar settings such as herd prevalence, pool sizes and use of composite milk samples. Hence, testing of milk samples in smaller size pools (pool of 5 or 10 samples) or individual quarter milk samples using qPCR is yet to be investigated. On the other hand, because the second and third most cost-effective alternatives for M. bovis include qPCR and have higher sensitivities with moderate cost increase compared to the reference, qPCR could potentially improve the cost-effectiveness of mycoplasma diagnostics as well as shorten the turnaround time of the test results. Further studies including qPCR results using individual and pooled samples with a wide range of sizes are needed to examine its performance in contagious mastitis diagnostics.
Results of the stochastic modeling for herd size of 1000 cows supported the findings from the deterministic costeffectiveness analysis for the strategy with the least cost per case identified and first and second most cost-effective alternatives for each of the three contagious pathogens. Sensitivity was considered the most important parameter in the cost-effectiveness analysis for comparing strategies. In contrast, specificity was not considered as an effectiveness parameter in the analysis since specificity gauges true negatives which is not the objective of a whole herd test. Milk culture was used as the final test in all diagnostic strategy comparisons considered to make sure no false-positive infected cows were included in the cost-effective analysis.
Sensitivity of diagnostic strategies proposed were based on culture of the study cows, hence it is possible that mastitis cases were missed due to imperfect sensitivity of culture. Furthermore, alternative strategies had imperfect sensitivities compared to entire herd culture and hence resulted in false negative cows. The number of false negative cows is a function of a strategy's sensitivity, the measure of strategy effectiveness. However, the current study did not investigate their effect directly. Compared to the conventional approach of investigating mastitis outbreaks where pen samples are tested followed by culture of milk samples from individual cows in positive pens, the current study proposes strategies with known cost and effectiveness. Finally, in addition to testing milk samples, mastitis control includes other measures such as proper hospital cow treatments, training of milkers and continuous surveillance for new cases using recommended practices. The aforementioned control strategies reduce the effect of false negative cows, hence, are integral in control of mastitis outbreaks on dairies.
A total of 27 simulation models were created to explore different herd sizes and mastitis prevalence for each pathogen. For herd size, 1000, 3000 or 6000 cow herds were explored which includes the range of herd sizes in California based on a survey conducted in 2011 (Aly et al., 2014) . The survey estimated the mean milking herd size at 1298 cows (SE 108) and ranged from 65 to 5500 cows. An upper range of 6000 cows was used based on the survey. The lower range was not included since testing an entire herd of 65 cows is feasible. Instead, a 1000 cow herd size was assumed as the lower prevalence for our simulations based on the subset tested in herd 1 in the current study. The study herds had mastitis prevalence that ranged from 0.6% to 16.8%. Simulation models included mastitis prevalence of 10% and 20% to cover the range of mastitis observed in the study. In addition, although considerably high on large herds, a prevalence of 30% was also simulated. Results of this study must be interpreted with caution as the stochastic simulation analysis to compare the cost-effectiveness of diagnostic strategies across 3 herd sizes and 3 prevalence estimates indicated that prevalence did not affect ranking of the strategies. Further studies based on more herds with wider prevalence range are warranted to verify that prevalence does not play a major role in the choice of the most cost-effective diagnostic strategy. In contrast, the analysis showed that herd size affected strategy rankings. For M. bovis detection in large herds, starting the diagnostic strategy with qPCR testing of large pool samples, such as 100P, followed by individual culture or a series of culture testing using 5P and individual samples reduced the cost of testing while maintaining sensitivity. QPCR testing of larger size pools is expected to increase in cost-effectiveness as the cost of qPCR decreases in the future. It is also noteworthy that for smaller herd sizes, culture of 5-pooled samples could replace the qPCR using large pooled samples. For Staph. aureus, the reason for the change of reference strategy when herd size increased from 1000 to 3000 or 6000 was unknown however imperfect sensitivity of culture and qPCR may explain this difference. For Strep. agalactiae identification in a larger herd size, 100P samples was the first testing stage in the reference strategy and may be explained by a greater reduction in costs when testing larger herds than smaller herds.
As with any cost-effective analysis, what may be costeffective may not be affordable for an individual dairy operation, especially given record-high operational cost of dairies due to economic downturn. The findings of the current study should be generalized with caution because only a single herd was used for each pathogen surveillance and variables such as breed, herd size and disease prevalence are important factors. Furthermore, the cost of diagnostic tests may change over time. As diagnostic tests such as qPCR become more readily available and affordable especially for M. bovis, such tests could make a substantial industry-wide change in diagnosis of contagious mastitis.
Conclusion
When faced with a mastitis outbreak in a large dairy herd, an investigator may elect to conduct a 2-stage culture strategy of pools of 5 composite milk samples followed by individual cow composite milk samples that constitute positive pools. With such a strategy, the investigator can expect a sensitivity of 73.5% (95% CI: 55.6, 87.1), 58.3% (95% CI: 27.7, 84.8) and 96.6% (95% CI: 88.3, 99.6) for M. bovis, Staph. aureus and Strep. agalactiae, respectively. QPCR could potentially improve the cost-effectiveness of diagnostic strategies for contagious mastitis surveillance, specifically for mycoplasma spp. In conclusion, several options may exist when identifying contagious mastitis cases in large dairy herds by use of pooled samples. Investigators should base their decisions on both cost and sensitivity of the different strategies available.
